Introduction
Molecular interactions are interactions between molecules, typically macromolecules, through different types of non-covalent bonds. The most commonly mentioned types of non-covalent interactions include ionic bonds, hydrophobic interactions, hydrogen bonds and van der Waals forces (VDW) (namely, dipole-dipole, dipoleinduced dipole interactions, and dispersion attractions). They all play important roles in molecular assembly and structure control. For instance, hydrogen bonding and hydrophobic interactions are primarily responsible for the three-dimensional structures of biopolymers, such as proteins, nucleic acids, and cell membranes.
There are some other molecular interactions that occur to specific systems: halogen bonding and aromatic interactions. Although the first report of halogen bonding, an analogue to hydrogen bonding that occurs between a halogen atom (I, Br, Cl, and sometimes F) rather than hydrogen atom and a Lewis base, can be traced back to 1963 [1] , theoretical studies [2] [3] [4] [5] [6] of halogen bonding and its applications in material engineering [7] [8] [9] [10] [11] [12] and biological macromolecules [13] [14] [15] attract scientists' interest from time to time.
Aromatic interactions are molecular forces involving π-electron rich molecules, which include cation-π [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , π-π (aromatic-aromatic) [26] [27] [28] [29] [30] , and X-H--π [31] [32] interactions. The main energetic contributions to these interactions are VDW dispersion and electrostatic interaction. Although aromatic interactions have been implicated in different fields, such as asymmetric catalysis, DNA stabilization, drug intercalation, protein structure and supramolecular chemistry, these interacttions are still being actively debated in the literature.
Each given non-covalent interaction is relatively weak, often with a free energy of less than RT, but the cumulative energies of non-covalent interactions could be huge. For instance, huge numbers of small noncovalent forces drive the spontaneous folding or unfolding of proteins and nucleic acids. Unfortunately non-covalent interactions are complex and remain poorly understood.
This work investigates the fluorescence of a simple system of polystyrene fine particles, as well as polystyrene film. In as-prepared polystyrene particles, the fluorescence is dominated by polystyrene excimer emission. With solvent evaporation, polystyrene par-http://ccaasmag.org/CHEM ticles and film exhibit rich fluorescence with strong structured bands that were never previously reported. The excitation spectra at wavelengths of fluorescence maximum intensities show different absorption bands, implying different fluorophores formed in the system. The observed luminescence is elucidated from the views of chain folding, relaxation and molecular interactions.
Materials and methods
Spectroscopic-grade methanol and tetrahydrofuran (THF) were used without further purification. Polystyrene samples purchased from Polymer Source were of narrow molecular weight distribution standards. The molecular weights and polydispersities were M w = 223,000 and M w /M n =1.06, respectively. The polystyrene fine particles were prepared by reprecipitation of 0.021 g/ml polystyrene/THF solution in methanol. The precipitated polystyrene particles were washed a few times with methanol, and then deposited on a piece of quartz plate. The deposited polystyrene particles were allowed to dry in air at room temperature for a few hours before fluorescence measurements. The polystyrene film was cast on a quartz plate from the same polystyrene solutions. The film was left to dry in air and then vacuum at room temperature.
Fluorescence spectra of the polystyrene particles, film and solution were obtained with a Jobin-Yvon SPEX F212 using the front-face mode at room temperature (~25°). The slit widths were set to 0.5 nm for all measurements. Each reported spectrum was an average of two to three separate scans to reduce noise.
Results and discussion
The fluorescence spectra recorded at excitation wavelength of 260 nm on polystyrene particles after different extents of drying are presented in Fig. 1 . The asprepared polystyrene particles only exhibit a typical excimer fluorescence emission band centered at ~330 nm (labeled as 0 in Fig. 1 ). When the particles are left under ambient conditions to allow solvent to evaporate freely for three days, the emission band shifts to longer wavelength and the major peak is split into two equal shoulders at 326 nm (1) and 339 nm (2) . Some tiny shoulders appeared in 330-420 nm range which look like noise and appear negligible. This observation leads to the conclusion that solvent evapora-tion from polystyrene particles can change their fluorescence emissions.
The polystyrene particles were then subjected to a vacuum of 10 -2 Torr for faster solvent removal. It was found that, after one day of vacuum enhanced drying, the tiny shoulders in the long wavelength of fluorescence spectrum become much more evident and cannot be ignored. After a week of vacuum drying, the fluorescence of polystyrene particles are dominated with a variety of strong structured bands at longer wavelength with maxima at 347 nm (3), 356 nm (4), 365 nm (5), 372 nm (6), 383 nm (7), 404 nm (8) and 426 nm (9) . These fluorescence emissions continue to grow stronger with further enhanced vacuum-drying. Although the fluorescence of polystyrene has been widely studied, this phenomenon was never previously reported. Polystyrene fluorescence is generally considered to be made up of monomer and excimer-like emission features. Gupta et al. [33] reported a fluorescence spectrum (λ ex = 250 nm) of polystyrene film cast from CH 2 C1 2 solution that was mainly contributed from the polystyrene excimer.
The spectrum showed a non-structured broad band centered at ~326 nm that looks similar to as-prepared polystyrene particles in this work (band 0 in Fig. 1 ). Interestingly, in the fluorescence spectrum of polystyrene thin film prepared from polystyrene solution in chloroform and dried in air at room temperature (S. Abd El Mongy, [34] ), there are a strong peak at 404 nm (the same as peak 8 in Fig. 1 ) and three other relative strong peaks at around 390 nm (between peaks 7 and 8 in Fig. 1 ), 426 nm (the same as peak 9 in Fig. 1 ) and 452 nm (not very evident in Fig. 1 ). However the work of El Mongy was mainly focused on the spectral changes of doped polystyrene with Rhodamine 6G and no discussions were made to the fluorescence of polystyrene. Is this fluorescence emitted from different fluorophores? The excitation spectra (1-9) are monitored and summarized in Fig. 2 at the wavelengths of fluorescence maxima on the polystyrene particles after 2 weeks' vacuum drying. These excitation spectra of vacuumpolystyrene particles (1-9) are compared to that of asprepared polystyrene particles (0) at the wavelength of (0-9) excitation spectra were recorded at the wavelengths of fluorescence maxima labeled by the same numbers in Fig. 1 : 0) 320nm; 1) 326 nm; 2)339 nm; 3) 347 nm; 4)356 nm; 5) 365 nm; 6) 372 nm; 7) 383 nm; 8) 404 nm; 9)426 nm. The spectra are intentionally offset on the y-axis to allow them to be individually distinguishable. metries or/and energy transfer to other fluorophores via radiation. Besides the absorption band of monobenzene, some emissions show a few strong absorptions at longer wavelength such as 296 nm, 324 nm, 340 nm, 360 nm, and 380 nm, suggesting a few dominate modes of formations of fluorophores. Since phenyl groups are the only fluorophorous unit in polystyrene molecules, these fluorophores must be phenyl aggregations in different geometries and different numbers of phenyl groups.
Most fluorescence emission bands are overlapped with each other, therefore it is hard to attribute a single absorption band to a specific fluorescence emission. Furthermore, the excitation of a specific fluorophore can lead to the emission of fluorescence from other fluorophores through energy transfer.
The excitation spectrum labeled as 0 in Fig. 2 corresponds to the polystyrene excimers emission at 330 nm (label as 0 in Fig. 1 ) in as-prepared polystyrene. It exhibits a weak peak at 270 nm besides the strong absorption band of mono-benzene. This absorption peak at 270 nm is not consistent with the observed absorption band at 291 nm that was assigned as polystyrene excimer absorption by Healy et al. [35] in their study of polystyrene near the critical concentration c*. Li et al. [36] claimed the observed absorption at around 290 nm in polystyrene (PSt) as a new UV absorption band that is attributed to associative interaction between pendant phenyl groups. However, when the polystyrene particles are dried in different conditions, as shown in Fig. 3 , it is found that absorption peak at 291 nm (3) did appear, along with more absorption peaks, namely 282 (2) and 302 nm (4). Healy et al. [35] did also observe a relatively sharp peak at 302 nm and they attributed it to Raman scattering without reasoning. For dried polystyrene particles, the fluorescence at excitation wavelengths of the observed absorption bands (270, 282, 291, and 301nm) all has similar emission profile to the fluorescence at excitation wavelength of 260 nm shown in Fig. 1 . Therefore there are two possibilities for the observation of more absorption bands: 1) With further drying of polystyrene particles, there are more fluorescence emissions at longer wavelength than that of polystyrene excimer at 330 nm, and some of these fluorescence are overlapped with the excimer emission at 330 nm, therefore the What are the driving forces for the rich fluorescence emissions shown in Fig. 1 and the various fluorophores with different excitation wavelengths as shown in Fig. 2 ? In other words, what are the driving forces for phenyl aggregations in different geometries and different phenyl numbers in the studies polystyrene system? First, the polystyrene fine particles were prepared from reprecipitation. Due to solvation by the good solvent THF, polystyrene molecules are dissolved as random coil form in THF. When the polystyrene/THF solution is dropping in the poor solvent methanol, desolvation of polystyrene molecules starts to form the compact folding of the polystyrene chain and polystyrene molecules grow to small nuclei of particles, which is similar to the process that nonspecific hydrophobic interactions drive polypeptide folding to a reasonably stable and compact state prior to further folding of proteins to adopt unique and well-defined structures through dense complementary side chain packing [37] . This allows the phenyl groups of polystyrene molecules in a close proximity for successive growth of fluorophorous phenyl aggregations. Fig. 5 shows a comparison of fluorescence emissions recorded at λ ex = 260 nm for polystyrene particles reprecipitated from polystyrene solution in THF, polystyrene film cast from polystyrene solution in THF, as well as polystyrene solutions in THF. The spectra of two solid polystyrene samples were dried in similar extent that all exhibit strong fluorescence emissions. It is obvious that, in longer wavelength than 330 nm of polystyrene excimer emission, polystyrene fine particles exhibit much stronger fluorescence emissions than polystyrene cast film.
This indicates that the reprecipitation process does facilitate the formations of fluorophorous phenyl aggregations. The fluorescence weak band observed at 285 nm for the polystyrene solution in Fig. 5 is the emission from polystyrene monomer [35] . The missing of 285 nm emission in the studied polystyrene particles and film must result from the nonradiative energy transfer. Second, the experiments show that the formations of phenyl fluorophores and their fluorescence other than excimer emission occur in the course of solvent evaporation. Many studies have showed that solventevaporation conditions have significant effects on the morphology of polymer thin films [38] [39] [40] [41] [42] . Solvent allows freedom of movement of polymer chains. As the solvent evaporates, polymer chains become increasingly restricted in movement and the entanglement of polymer chains. In a cast film, solvent evaporation from a solution constrained in two dimensions by a substrate results in one-dimensional thickness reduction and molecular relaxation [43] . The molecules relax and orient through effective stretching of polymer in the planar direction during thickness reduction [43] . The resulting molecular orientation depends on the evaporation rate [43] . In the polystyrene system, the thickness reduction can make the polymer chains in more compact status and therefore the phenyl groups are in closer distance. During the molecular relaxation, some molecular interactions may drive the formation of fluorophorous phenyl aggregations. This is the aromaticaromatic interactions that are going to discuss next.
Third, studies have proved that there are aromaticaromatic interactions between pendant phenyl groups existed in polystyrene systems [36, [44] [45] [46] . A wellexamined example of aromatic-aromatic interactions is the benzene dimer. According to theoretical investigations [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] , benzene dimer exists in different geometries: the parallel-displaced (PD), the T-shaped (T) and the sandwich (S) structures. The PD and T structures are energy minima, while the S structure is a transition state linking the two minima. The energetics and structure of the benzene trimer and higher clusters/aggregations have also been investigated [61] [62] [63] [64] [65] [66] . Although the three types of fluorescence profiles shown in Fig. 4 may imply three groups of phenyl fluorophores, each having the same number of phenyl groups, without further investigations, it is hard to convince how many phenyl groups are engaged in the aggregations responsible for the observed fluorescence emissions in the studied polystyrene systems and the geometries of these phenyl aggregations. The more phenyl groups are involved, the more of π-electrons are delocalized in the interacting system, resulting in fluorescence in longer wavelengths.
The rich fluorescence emissions and the association excitation peaks suggest that aromatic-aromatic interactions are pronounced in the studied polystyrene particles and film. These pronounced interaction drive the folding of polystyrene chains to form phenyl aggregates adopted defined structures.
They are comparable to the complementary side chain stacking that drives the folding of proteins to adopt unique and well-defined structures [37] .
Summary
In summary, it has been demonstrated that there are unusual rich fluorescence emissions occurred in polystyrene fine particles and film with solvent evaporation. These emissions show various absorptions bands in the excitation spectra, suggesting formation of different fluorophores. Based on the fluorescence profiles, the excitation wavelengths can be categorized into three ranges and each range exhibits similar fluorescence profile. The folding of polystyrene in the preparation of polystyrene fine particles through reprecipitation and polystyrene chain relaxation during solvent evaporation are believed to be prerequisites for the formation of the fluorophores via phenyl aggregations. Pendant phenyl groups on polystyrene chains, as an origin of aromatic-aromatic interaction, brings a powerful driving force for the formation of fluorophorous phenyl aggregations.
Although further investigations are needed to fully understand the observed fluorescence phenomena, this work can add invaluable information to the understanding of molecular interactions in aromatic system, especially aromatic polymers, proteins and other biomacromolecues containing aromatic units. The observed fluorescence emissions can be used to manufacture light devices or other hybrid materials with nanoparticles. The luminance property can also be used as a probe for local environment and molecular relaxation in aromatic compounds or macromolecules. 
